Scholl B, Pattadkal JJ, Rowe A, Priebe NJ. Functional characterization and spatial clustering of visual cortical neurons in the predatory grasshopper mouse Onychomys arenicola. J Neurophysiol 117: 910 -918, 2017. First published December 7, 2016 doi:10.1152/jn.00779.2016.-Mammalian neocortical circuits are functionally organized such that the selectivity of individual neurons systematically shifts across the cortical surface, forming a continuous map. Maps of the sensory space exist in cortex, such as retinotopic maps in the visual system or tonotopic maps in the auditory system, but other functional response properties also may be similarly organized. For example, many carnivores and primates possess a map for orientation selectivity in primary visual cortex (V1), whereas mice, rabbits, and the gray squirrel lack orientation maps. In this report we show that a carnivorous rodent with predatory behaviors, the grasshopper mouse (Onychomys arenicola), lacks a canonical columnar organization of orientation preference in V1; however, neighboring neurons within 50 m exhibit related tuning preference. Using a combination of two-photon microscopy and extracellular electrophysiology, we demonstrate that the functional organization of visual cortical neurons in the grasshopper mouse is largely the same as in the C57/BL6 laboratory mouse. We also find similarity in the selectivity for stimulus orientation, direction, and spatial frequency. Our results suggest that the properties of V1 neurons across rodent species are largely conserved.
visual cortex; orientation selectivity; spatial frequency; cortical organization; functional organization; comparative physiology; carnivorous rodent THE FUNCTIONAL ORGANIZATION of neocortical circuits has provided a scaffold for studying neural circuitry since it was first postulated anatomically and physiologically (de Nó 1949; Mountcastle 1957) . Physiologically defined, neurons sharing particular response properties and overlapping sensory receptive field locations are arranged in columns across the cortical surface. How this circuit organization emerges and its greater importance for processing remain elusive, despite its pervasive appearance across cortical areas in mammals (Horton and Adams 2005) . Columnar organization of orientation selectivity in primary visual cortex (V1), first demonstrated in carnivores (Bonhoeffer and Grinvald 1991; Wiesel 1962, 1963) and then in primates (Essen and Zeki 1978; Hubel and Wiesel 1968; Ts'o et al. 1990) , is a prime example of this emergent functional architecture. A smooth organization of orientation selectivity in V1 also exists for ferrets (Chapman et al. 1996; Nauhaus et al. 2012b) , Etruscan tree shrews (Bosking et al. 1997; Weliky et al. 1996) , and New World primates (McLoughlin and Schiessl 2006; O'Keefe et al. 1998; Xu et al. 2004) . Rodents, however, do not possess an orientation map and instead exhibit a random or "salt-and-pepper" organization (Ohki et al. 2005; Ohki and Reid 2007; Van Hooser et al. 2005) . Despite a salt-and-pepper organization in mouse, recent studies report small, short-distance correlations between neighboring neuron response properties (Ringach et al. 2016) .
The factors determining whether a columnar architecture emerges in visual cortex remain opaque. Whereas body and brain size are weakly correlated with the emergence of orientation columns (Keil et al. 2012; Van Hooser et al. 2005) , there are a number of outliers such as small animals possessing columns (pigmy marmosets; McLoughlin and Schiessl 2006) and larger ones that do not (lagomorphs; Murphy and Berman 1979) . Peripheral acuity might play a role since mammals with a cone-based visual system are weakly linked to a columnar organization (Keil et al. 2012; Van Hooser et al. 2005; Van Hooser 2007) , but again, outliers such as the nocturnal owl monkey and prosimian bushbaby with little or no retinal foveal cone specialization (Ogden 1975; Wikler and Rakic 1990) still possess an orientation map in V1 (O'Keefe et al. 1998; Xu et al. 2004 Xu et al. , 2005 .
Another potential factor is the relationship between species behavior and columnar architecture. Mammals exhibiting predatory behaviors (carnivores and primates) often posses orientation columns, whereas scavengers and potential prey for larger creatures (rodents and lagomorphs) lack functional organization (Keil et al. 2012; Van Hooser et al. 2005; Van Hooser 2007) . Predatory or carnivorous behaviors may provide a constraint that imposes a columnar organization for orienta-tion selectivity. In this article we address whether a carnivorous rodent, the grasshopper mouse (Onychomys arenicola), has a columnar organization of orientation selectivity in V1. Unlike other rodents that are strictly herbivorous or that facultatively consume insects, grasshopper mice are obligate carnivores (Horner et al. 1964; Landry 1970) , preying on a wide range of invertebrate and vertebrate species, including other mammals (Horner et al. 1964; Ruffer 1968; Timberlake and Washburne 1989) . Grasshopper mice are aggressive hunters and tenacious predators that have developed resistance to many aversive tactics by their prey (Langley 1994; Rowe and Rowe 2008; Rowe et al. 2013; Timberlake and Washburne 1989) . Whereas most animals learn to avoid noxious prey, grasshopper mice persistently attack arthropods (insects, scorpions, spiders, and centipedes) with formidable defenses, enabling them to exploit prey avoided by other species (Rowe et al. 2013; Sarko et al. 2011) .
Using extracellular single-unit recordings and two-photon calcium imaging, we find that the grasshopper mouse cortical organization is similar to that of the inbred C57/BL6 laboratory mouse. Calcium imaging revealed a random salt-and-pepper map of orientation preference in both rodent species, evidence against a canonical columnar organization. Both species did, however, exhibit orientation preference similarity between nearby neighboring neurons, and this spatially dependent relationship was more pronounced in the grasshopper mice. Across populations, tuning strength and orientation preferences also were similar between animals. Spatial frequency sensitivity in individual neurons also was similar between animals. These results are not consistent with the prediction that functional columnar organization in V1 is determined by predatory vs. scavenger behaviors, and instead suggest that other factors drive the emergence of functional columns.
METHODS
All procedures were approved by The University of Texas at Austin Institutional Animal Care and Use Committee.
Physiology. Physiological procedures for mouse recordings were based on those previously described (Scholl et al. 2013a ). Experiments were conducted using adult C57BL/6 mice (n ϭ 10, age 5-8 wk) and O. arenicola grasshopper mice (n ϭ 11, age 8 -24 mo). In combination with 1,000 mg/kg urethane and 10 mg/kg chlorprothixene, isoflurane (0.25-2.0%) was administered during surgery and the experiment duration to eliminate a pedal withdrawal reflex. Brain edema was prevented using 20 mg/kg dexamethasone. Animals were warmed with a thermostatically controlled heat lamp to maintain body temperature at 37°C. A tracheotomy was performed. The head was placed in a mouse adaptor (Stoelting), and a craniotomy and duratomy were preformed over visual cortex. Mice eyes were kept moist with a thin layer of silicone oil. The contralateral eye was stimulated during the recording. Primary visual cortex was located and mapped by multiunit extracellular recordings with tungsten electrodes (1 M⍀; Micro Probes). The V1/V2 boundary was identified by the characteristic gradient in receptive locations (Dräger 1975; Métin et al. 1988) . Eye drift under urethane anesthesia is typically small and results in a change in eye position of Ͻ2°per hour (Sarnaik et al. 2014) .
Extracellular recordings. Extracellular electrodes (1 M⍀; Micro Probes) were advanced into cortex with a motorized drive (MP-285; Sutter Instrument). After the electrode was in place, warm agarose solution (2-4% in normal saline) was placed over the craniotomy to protect the surface of the cortex and reduce pulsations. Action potentials were identified using a dual time and amplitude window discriminator (DDIS-1; Bak Electronics). The time of action potentials and raw extracellular traces were recorded for later analysis.
Dye loading and in vivo two-photon microscopy. Bulk loading of a calcium-sensitive dye under continuous visual guidance followed previous protocols (Garaschuk et al. 2006; Golshani and PorteraCailliau 2008; Grienberger and Konnerth 2012; Kerr et al. 2005; Stosiek et al. 2003) . The cortical visuotopic region targeted for loading was mapped with extracellular methods prior to loading. Dye solution contained 0.8 mM Oregon green 488 BAPTA-1 AM (OGB-1 AM; Invitrogen) dissolved in DMSO (Sigma-Aldrich) with 20% Pluronic acid (Sigma-Aldrich) and mixed in a salt solution (150 mM NaCl, 2.5 mM KCl, and 10 mM HEPES, pH 7.4; all Sigma-Aldrich). Either 40 -80 M Alexa Fluor 594 (Invitrogen) or 125 M Sulforhodamine 101 (Sigma-Aldrich) was also included. A patch pipette (tip diameter 2-5 m; King Precision Glass) with this solution was inserted into the cortex to a depth of 250 -400 m below the surface. The solution was carefully pressure injected (100 -350 mbar) over 10 -15 min. After 1 h, the cortex was sealed with 1.5% agarose (in saline), a glass coverslip, and metal springs to apply pressure and reduce brain pulsations. Fluctuations in calcium fluorescence were collected with a custom-built two-photon microscope and a modelocked Chameleon Ultra Ti:Sapphire laser (Coherent). Excitation light was focused by a ϫ40 objective (0.8 numerical aperture, Nikon; or 1.0 numerical aperture, Zeiss). Images were obtained with custom software (LabVIEW; National Instruments). Two different scanning mirror systems were used to collect data: a galvanometer system scanning at 4-Hz frame rate (n ϭ 4 O. arenicola mice; n ϭ 3 C57/BL6 mice) and a resonant mirror system scanning at 30-Hz frame rate (n ϭ 7 O. arenicola mice; n ϭ 2 C57/BL6 mice). With the galvanometer system, square regions of cortex 150 m wide were imaged at 150 ϫ 150 pixels. With the resonant mirror system, a square region of cortex 300 m wide was imaged at 256 ϫ 455 pixels. Images in all experiments were obtained from at least three depths separated by 20 -25 m, starting at least 150 m below the cortical surface.
Stimuli. Visual stimuli were generated by a Macintosh computer (Apple) using the Psychophysics Toolbox (Brainard 1997; Pelli 1997) for MATLAB (The MathWorks) and presented using a SONY video monitor (GDM-F520) placed 25 cm from the animal's eye. The video monitor had a noninterlaced refresh rate of 100 Hz and a spatial resolution of 1,024 ϫ 768 pixels, which subtended 40 ϫ 30 cm. The video monitors had a mean luminance of 40 cd/cm 2 . Drifting gratings (40°diameter, 0.02-0.04 spatial frequency, 100% contrast, 2-to 4-Hz temporal frequency) were presented for 2-3 s in both electrophysiology and imaging experiments. Stimuli were preceded and followed by 250-ms or 2-to 3-s blank (mean luminance) periods for physiology and imaging, respectively. Spontaneous activity was measured during blank (mean luminance) periods pseudorandomly interleaved with drifting grating stimuli. During imaging sessions, the stimulation protocol was repeated seven to eight times at each focal plane. The microscope objective and photomultipliers were shielded from stray light and the video monitors.
Electrophysiology analysis. Spiking responses for each stimulus were cycle-averaged across trials following removal of the first cycle. The Fourier transform was used to calculate the mean (F 0 ) and modulation amplitude (F 1 ) of each cycle-averaged response, and afterward, mean spontaneous activity was subtracted. Peak responses were defined as the sum of the mean and modulation (F 0 ϩ F 1 ). A double Gaussian curve was fit to responses for characterizing orientation/direction preference (Carandini and Ferster 2000) :
where R() is the response of the neuron to different orientations , is the width of the tuning curve, spont is the mean spontaneous activity, ␣ and ␤ are peak amplitudes, and pref is the orientation preference. The orientation selectivity index was also computed (Ringach et al. 2002; Tan et al. 2011) :
where R() is the response of the neuron to different orientations . Direction selectivity was computed as follows:
where R pref is the response to the preferred stimulus and R null is the response the stimulus in the opposite direction. Imaging analysis. Images were analyzed with custom MATLAB software (The MathWorks). Cells were identified by hand from structure images on the basis of size, shape, and brightness. Cell masks were generated automatically (Nauhaus et al. 2012a; Scholl et al. 2015) . Individual neuron time courses were extracted by summing pixel intensity values within cell masks in each frame. If brain pulsations were evident in time courses, these data were not used. Responses (F t ) to each stimulus presentation were normalized by the response to the gray screen (F o ) immediately before the stimulus came on:
For each stimulus, the mean change in fluorescence (⌬F/F) was calculated in a 0.5-s window, centered around the global average peak calculated by averaging responses to all stimulus conditions and trials. Visually responsive cells were defined by having at least one response significantly larger than spontaneous activity (ANOVA, P Ͻ 0.05). Stimulus preferences characterized using the same equations shown above.
Correlation computation. Tuning correlation between two neurons was computed as the Pearson correlation coefficient between the baseline subtracted peak responses across all different grating responses for both neurons.
RESULTS
Characterization of orientation selectivity and spatial frequency. We compared the functional architecture of primary visual cortex (V1) of the C57/BL6 laboratory mouse with that of the carnivorous grasshopper mouse O. arenicola (Fig. 1A) . We first identified the location of V1 (Fig. 1B) , following the anatomical pattern suggested by cyctochrome oxidase staining (Sarko et al. 2011) , and performed extracellular recordings from single units both to establish the basic retinotopic organization and determine whether orientation selectivity was a property of these neurons.
A broad spectrum of orientation selectivity is observed in both C57/Bl6 mice as well as grasshopper mice: some neurons are exquisitely selective for orientation (Fig. 1A , middle) whereas others were unselective for stimulus orientation (Fig.  1A, bottom) . Each cell's selectivity or lack thereof was characterized by an orientation selectivity index (OSI; see METHODS). An OSI of 1 indicates a neuron responds to a single orientation, whereas an OSI of 0 indicates equal responses across orientations (Ringach et al. 2002; Tan et al. 2011) . A comparison between cell populations from C57/Bl6 and grasshopper mice showed the extent of selectivity in V1 was comparable (Fig. 1B) , but neurons recorded in the grasshopper mice were slightly less selective for oriented gratings [O. arenicola: median OSI ϭ 0.24, mean OSI ϭ 0.27 Ϯ 0.22 (SD), n ϭ 41; C57/BL6: median OSI ϭ 0.33, mean OSI ϭ 0.33 Ϯ 0.14 SD, n ϭ 45; P ϭ 0.001, Mann-Whitney test; Fig. 1C ].
From these data we also computed a direction selectivity index (DSI; see METHODS) and found slightly higher DSI for grasshopper mice (O. arenicola: median DSI ϭ 0.31, mean DSI ϭ 0.39 Ϯ 0.29; C57/BL6: median DSI ϭ 0.29, mean DSI ϭ 0.35 Ϯ 0.26; P ϭ 0.01, Mann-Whitney test; Fig. 1C ). Spatial frequency sensitivity was measured during extracellular recordings from grasshopper mice by using drifting gratings of the optimal orientation, direction, and receptive field location. Across our population we found a modest diversity of tuning preferences and sensitivity range, with both low-pass ( Fig. 2A, top) and bandpass ( Fig. 2A, bottom) tuning observed in individual neurons. Overall, spatial frequencies eliciting the strongest spiking responses were low compared with those in other carnivores (median ϭ 0.036, mean ϭ 0.035 Ϯ 0.01, n ϭ 14; Fig. 2B , top) and matched those reported by Neill and Stryker (2008) in the C57/BL6 laboratory mouse. The highest spatial frequencies to evoke responses 50% of the maximum response (SF 50 ) were also low compared with those in other carnivores (median ϭ 0.09, mean ϭ 0.083 Ϯ 0.03, n ϭ 14; Fig.  2B, bottom) .
Because we typically record from multiple neurons within a single electrode penetration, we were able to assess whether there is a columnar organization of orientation preference similar to that in other carnivores and primates (Hubel and Wiesel 1963) . In tangential penetrations of V1 in grasshopper mice, we recorded from several single units, evident from distinct isolated waveforms ( Fig. 3A; see METHODS) . After passing the electrode through the cortical tissue, we injected current (2 nA, 1-2 s) to lesion for histology. We performed a Nissl stain to recover the lesion and electrode tract (Fig. 3A, left  inset) , from which we were able to reconstruct our tangential penetration (Hubel and Wiesel 1963) . Even within a single penetration, we observed a wide range of orientation preferences, depicted in this example by elongated bars and the actual computed preference from Gaussian fits of spiking responses (Fig. 3A) . For each tangential penetration with at least two selective cells (OSI Ͼ 0.10), we computed the distance between cells and the absolute value of their orientation preference difference (Fig. 3B) . We found no relationship between cell distance and preference dissimilarity from extracellular recordings in the grasshopper mouse [O. arenicola: r ϭ 0.18, P ϭ 0.66, circular-linear correlation coefficient (Batschelet 1981)] .
Cellular cortical organization of orientation preference and tuning correlation. Although we found no evidence for a columnar organization of orientation preference in grasshopper mice, our extracellular measurements sampled coarsely over cortical space (mean pair distance ϭ 236 Ϯ 181 m) may preclude the identification of fine-scale organization or spatial clusters. We therefore performed in vivo two-photon calcium imaging of bulk-loaded OGB-1 to quantify the degree of organization at the cellular level (see METHODS) (Garaschuk et al. 2006; Golshani and Portera-Cailliau 2008; Grienberger and Konnerth 2012; Kerr et al. 2005; Scholl et al. 2015; Stosiek et al. 2003) . After receptive field locations were mapped from V1 with extracellular multiunit activity, hundreds of neurons were loaded with a calcium indicator in a 200-to 300-m area (Fig.  4, A and B, left) . Changes in calcium fluorescence (⌬F/F) from labeled neurons were measured in response to oriented drifting gratings (0°-315°) at multiple depths separated by 20 -25 m. Time courses of activity were generated for each cell by averaging pixels within each cell's mask across all imaging frames (Fig. 4, A criterion required cells to have a significant response to at least one grating, relative to the blank luminance period (ANOVA, P Ͻ 0.05; see METHODS). Across all C57/BL6 laboratory mice (n ϭ 4, age 1-2 mo) we identified a total of 1,814 neurons, of which 1,117 were visually responsive (62%). Across all grasshopper mice (n ϭ 7, age 8 -24 mo) we identified 2,199 neurons, of which 930 were visually responsive (42%).
Oriented gratings drive clear changes in calcium florescence in grasshopper mice (Fig. 4A ) and C57/BL6 laboratory mice (Fig. 4B) , relative to the fluorescence observed before stimulation or in response to a gray screen. Some neurons are highly selective for orientation, as indicated by the narrow range of orientations evoking fluorescence changes (Fig. 4A, cell 1) . Trial-averaged mean responses were used to construct tuning curves, which were fit with a double Gaussian (Carandini and Ferster 2000) ( Fig. 4A, right; see METHODS). As with our extracellular records, we quantified the degree of orientation selectivity using the OSI and direction selectivity using the DSI. The example neuron (cell 1) was very selective for both orientation (OSI ϭ 0.54) and direction (DSI ϭ 1.0). Across our sample populations we found neurons that were equally selective but showed varying degrees of direction selectivity (Fig. 4A, cell 2) . Other neurons exhibited little selectivity, despite being activated by the visual stimulus (Fig. 4A, cell 3) . Individual neurons were distinct from the weakly active and untuned background neuropil change in florescence (Fig. 4A, neuropil) , which is a criterion for inclusion in our data set (see METHODS) . Similar degrees of orientation selectivity were observed when responses of individual V1 neurons in C57/ BL6 laboratory mice were examined (Fig. 4B) .
Overall, our optical measurements agreed with the electrophysiological comparison between animals. Neurons from grasshopper mice were slightly less tuned, but both rodent species exhibited the same extent of selectivity (grasshopper mouse: median OSI ϭ 0.19, mean OSI ϭ 0.24 Ϯ 0.17, n ϭ 930; laboratory mouse: median OSI ϭ 0.25, mean OSI ϭ 0.31 Ϯ 0.21, n ϭ 1,114; P Ͻ 0.01, Mann-Whitney test; Fig. 5, A and B) . Distributions of DSI were similar in both animals (grasshopper mouse: median DSI ϭ 0.32, mean DSI ϭ 0.39 Ϯ 0.28, n ϭ 930; laboratory mouse: median DSI ϭ 0.29, mean DSI ϭ 0.35 Ϯ 0.26, n ϭ 1,114). We also found similar biases in distributions of orientation preference between animals for cells with at least modest OSI (Ͼ0.10). Specifically, both grasshopper and laboratory mice displayed some cardinal bias (Fig. 5, C and D) . Large-scale maps of direction (0°-315°) and orientation (0°-135°) preferences in individual neurons showed that both the predatory grasshopper mouse and C57/BL6 lab mouse lack the strong functional organization in layer 2/3 of V1 found in primates and carnivores (Nauhaus et al. 2012b; Ohki et al. 2005) (Fig. 6 ). This organization has previously been characterized as random, or "salt-and-pepper" (Ohki and Reid 2007) . In an example imaging session from a grasshopper mouse (Fig.  6A) , cellular masks were color-coded on the basis of their preference for a particular direction (top) or orientation (bottom), with the color intensity modulated according to each cell's OSI. For this illustration, cellular locations were also collapsed across multiple focal planes (190 -270 m below the pia). Both the map of directional preferences and the map of orientation preference lacked a global, columnar organization in the grasshopper mouse (Fig. 6A) , as found in the C57/BL6 laboratory mouse (Fig. 6B ) and in agreement with our tangential electrode penetrations (Fig. 3B) .
Recently, fine-scale functional organization has been demonstrated in the C57/BL6 laboratory mouse in the form of spatial clustering: weak correlation of receptive field properties between nearby neighboring neurons (Ringach et al. 2016) . To compare spatial clustering in the grasshopper and laboratory mouse, we computed the cortical distance and tuning correlation between neighboring neurons with at least moderate selectivity (OSI Ͼ 0.10; grasshopper mouse: n ϭ 582, laboratory mouse: n ϭ 825) using the full range of grating responses (0°-315°). Cortical distance was calculated using each neuron's x-y within-plane location and depth from the pia. Across all animals and neurons imaged we found that nearby neighboring neurons share similar tuning (Ͻ50 m) in both rodent species (Fig. 7) . Interestingly, we found that V1 neurons in the grasshopper mouse showed much larger correlation at short cortical distances (Fig. 7) . However, an exponential fit to these data showed that the spatial length constants (; Scholl et al. 2015) were almost identical (grasshopper mouse: ϭ 33.6 m; laboratory mouse: ϭ 33.0 m). We also computed distance-dependent correlations while excluding neurons in focal planes directly above or below (z distance Ͼ 40 m) and found no difference in the spatial trend. The similarity in response properties and organization between these two species suggests a common architecture for V1 in order Rodentia.
DISCUSSION
We compared the functional architecture of V1 in C57/BL6 mice with that of a predatory rodent, the grasshopper mouse (O. arenicola), by using extracellular single-unit recordings and two-photon calcium imaging. Neurons in both rodent species exhibited similar degrees of orientation selectivity, direction selectivity, and spatial frequency sensitivity, measured by both extracellular recordings and calcium imaging. However, cells in the grasshopper mouse tend to be slightly less selective. Two-photon imaging revealed a random "saltand-pepper" map of orientation preference in both animals. Although we found no evidence for orientation columns in the grasshopper mouse, we did observe spatial clusters in the form of short-range (Ͻ50 m) similarity in tuning as reported in the laboratory mouse (Ringach et al. 2016) . Furthermore, spatial dependence of tuning similarity was almost identical between both animals ( ϳ 30 -33 m) and near that reported in the laboratory mouse ( ϭ 38 m; Ringach et al. 2016) . The similarity between our laboratory mouse correlation measurements with those of Ringach et al. (2016) is encouraging, given that their stimulus set was more diverse, they recorded from awake animals, and they processed the calcium responses using a different set of tools to compute correlations. By comparing the functional architecture within the order Rodentia, we demonstrate that the absence of a functional architecture in V1 is not due to either the selective pressure imposed by human domestication or the lack of predatory behavior in many rodents. Over a century ago, C.C. Little and colleagues generated the C57/BL6 mouse at Cold Spring Harbor Laboratory, thereby creating what is now the most commonly studied mammal. This mouse strain required massive selective pressure by humans: repeated inbreeding of brothers and sisters to generate homozygous animals. As a consequence of this artificial selection, these animals are highly domesticated, having potentially lost the senses necessary for locating food and water as they would in natural environments. When we observe a distinct phenotype in C57/BL6 mice, we must therefore wonder whether that phenotype reflects the artificial selection process imposed or a preserved characteristic of these animals in their natural condition. We suspected that the response properties and functional architecture of neocortical neurons might be particularly sensitive to inbreeding, because the neocortex is the most recently developed neural structure in the mammalian brain (DeFelipe 2011; Rakic 2009 ). However, our records suggest that the lack of a functional organization for orientation preference in C57/BL6 mice, relative to carnivores and primates, is not due to selective breeding.
We naively hypothesized that predatory behavior might drive the emergence of orientation columns, since predatory species, such as primates and carnivorans, exhibit orientation columns whereas prey species, such as lagomorphs and rodents, lack this organization. The lack of orientation columns in predatory rodents suggests the absence of columns is a common phenotype of lagomorpha and rodentia, independent from how these mammals locate resources. In fact, limited evidence from newborn lambs suggests that even herbivores outside the Lagomorpha and Rodentia orders possess a columnar organization of orientation preference in V1 (Ramachandran et al. 1977) . It is interesting that this functional divergence exists between different mammalian species, since rodents are more closely related to primates than cats. The presence of a common phenotype in distantly related mammals indicates that either orientation columns originated from a common mammalian ancestor and this phenotype was lost in rodents and lagomorphs, or that environmental pressure led to convergent evolution of orientation columns in primates and carnivorans.
Given the effort to understand the emergence of this organization in neocortical circuits, it is surprising that a restricted subset of mammals have been examined, mainly rodents, lagomorphs, primates, and carnivorans.
Differences in the sensory apparatus may be a determining factor for V1 functional organization. In carnivores and primates, the retinas exhibit central zones of high photoreceptor density, a region denoted as either an area centralis or fovea (Van Hooser et al. 2005; Van Hooser 2007) . These spatially restricted zones of high retinal sampling are absent in mice (Jeon et al. 1998) , although rabbits have a high-density streak in the distribution of retinal ganglion cells (Hughes 1971) , as do carnivorous grasshopper mice (Clark et al. 2014) . Areas of high photoreceptor and ganglion cell density impose physical constraints on the transformation of visual signals in retinas, since many neurons must be packed into a small territory. Because C57/BL6 mice have a relatively uniform density of ganglion cells, there may be little physical constraint and retinal ganglion cells may exhibit distinct functional properties. In fact, at least 30 distinct types of retinal ganglion cells have been identified in the C57/BL6 mouse, some of which are selective for specific features of visual stimuli (Sanes and Masland 2015) . In contrast, both cat and primate retinae are dominated by fewer retinal ganglion cell classes (Dacey 1994) . In particular, retinas from cat and primate are dominated by a single ganglion cell type, the midget ganglion cell, which is either absent or only weakly present in the mouse retina (Sanes and Masland 2015) . Orientation bias is present in a fraction of retinal ganglion cells in cats and primates (Cleland and Levick 1974; Levick and Thibos 1982; Passaglia et al. 2002) , and orientation/direction selectivity has been observed in thalamic relay cells of cats and primates (Cheong et al. 2013; Daniels et al. 1977; Lee et al. 1979; Soodak et al. 1987; Vidyasagar and Urbas 1982; Xu et al. 2002) . However, the extent is far weaker compared with that in rodents (Marshel et al. 2012; Piscopo et al. 2013; Scholl et al. 2013b; Zhao et al. 2013) . The progression of orientation selectivity in the early visual pathway of gray squirrels is similar to that of rodents and cats, despite their lack of orientation columns in visual cortex (Van Hooser et al. 2005; Zaltsman et al. 2015) . The presence of orientation selective neurons in the sensory periphery may also be critical for determining visual cortex organization (Zhao et al. 2013) . Likewise, the circuitry necessary to compute orientation and direction selectivity centrally in carnivorans and primates may impose constraints on or be inherently linked to the functional organization absent in rodents.
Although we do not understand the conditions necessary for functional architecture to emerge, cortical columns have been an important scaffold in dissecting the development and operation of neocortical circuits (Kaschube et al. 2010) . We have shown that neither the selective pressure imposed by humans nor predatory behavior appear, on their own, to be responsible for the absence of functional organization in rodents. As outlined above, there are many additional differences between species that could account for the absence or presence of columns in visual cortex. We should also consider, however, that the capricious appearance of this organization may indicate that a deeper understanding of cortical computations and circuitry will not be achieved by identifying those conditions. Even if cortical columns were epiphenomenonal or have little computational advantage (Horton and Adams 2005), we will gain insight into the fundamental structure of the neocortex by understanding their emergence.
